Missense mutations represent the most common cause of many genetic diseases including cystathionine beta-synthase (CBS) deficiency. Many of these mutations result in misfolded proteins, which lack biological function. The presence of chemical chaperones can sometimes alleviate or even restore protein folding and activity of mutant proteins. We present the purification and characterization of eight CBS mutants expressed in the presence of chemical chaperones such as ethanol, dimethylsulfoxide or trimethylamine-N-oxide. Preliminary screening in E. coli crude extracts showed that their presence during protein expression had a significant impact on the amount of recovered CBS protein, formation of tetramers and catalytic activity. Subsequently, we purified eight CBS mutants to homogeneity (P49L, P78R, A114V, R125Q, E176K, P422L, I435T and S466L). The tetrameric mutant enzymes fully saturated with heme had the same or higher specific activities than WT CBS. Thermal stability measurements demonstrated that the purified mutants are equally or more thermostable than WT CBS. The response to AdoMet stimulation or thermal activation varied. The lack of response of R125Q and E176K to both stimuli indicated that their specific conformations were unable to reach the activated state. Increased levels of molecular chaperones in crude extracts, particularly DnaJ, indicated a rather indirect effect of the chemical chaperones on folding of CBS mutants. In conclusion, the chemical chaperones present in the expression medium were able to fully restore the activity of eight CBS mutants by improving their protein folding. This finding could have direct implications for the development of a therapeutical approach to pyridoxine unresponsive homocystinuria.
Cystathionine beta-synthase (CBS) deficient homocystinuria (CBSDH) is an autosomal recessive disorder, which is characterized by extremely elevated levels of plasma homocysteine and methionine (1) . The clinical phenotype includes mental retardation, dislocated optic lenses, skeletal abnormalities and thrombotic vascular complications. About half of CBSdeficient patients respond to treatment with pharmacological doses of pyridoxine (vitamin B6) with a significant lowering of plasma homocysteine levels and an alleviation of clinical phenotypes.
Human CBS has a modular domain structure and a complex regulatory mechanism ( Figure 1 ; reviewed in (2) (3) (4) ). The enzyme contains four identical subunits each having three domains: an N-terminal domain, which binds heme cofactor of unclear function, a highly conserved catalytic core with pyridoxal-5'-phosphate (PLP) cofactor and a C-terminal regulatory domain, which contains the CBS domain tandem and binds S-adenosyl-Lmethionine (AdoMet). The AdoMet serves as an allosteric activator and increases CBS activity up to 8-fold. Removal of the C-terminal region by limited proteolysis, accompanied with loss of response to AdoMet and ≈ 3-fold increase in activity, leads to a change of a homotetramer into a homodimer whose crystal structure was successfully solved (5) (6) . In addition to the AdoMet stimulation, a similar increase in activity can be achieved by heating the enzyme close to its melting temperature or by a point mutation in the C-terminal region (7) (8) . These forms of CBS activity stimulation are not additive suggesting that they are acting through a similar mechanism, most likely by displacing the C-terminal autoinhibitory domain from the active site (7, (9) (10) .
Missense mutations account for ~ 87% of all mutations in CBSDH (http://www.uchsc.edu/cbs/), the most common disorder of sulfur amino acids metabolism (1) . Many of these mutations do not target the catalytic residues in CBS, but rather result in misfolded proteins which lack biological function and/or are destined for degradation. Shan and Kruger (11) showed that the activity of I278T, the most prevalent missense mutation found among CBSDH patients, can be partially restored by truncation of the C-terminal AdoMet binding domain or by a point mutation in the C-terminal region (9) . These observations suggested that the I278T mutation affects folding rather than catalytic activity of CBS. Furthermore, a study of 30 Slavic CBSDH patient cell lines revealed that a majority of CBS mutants formed large aggregates devoid of heme (12) . These data suggest that the inability of mutants to properly incorporate heme may prevent correct folding, thus alter the tertiary structure and finally leading to a loss of biological function, formation of aggregates and/or degradation. Thus, abnormal folding is the most common pathogenic mechanism in CBS deficiency as previously observed for other diseases (reviewed in (13) (14) ).
The folding process represents a natural ability of each polypeptide to reach its final destined conformation, which is adversely affected by the presence of missense mutations in CBS. In the living cell, misfolded proteins are refolded by molecular chaperones to their active conformations, form non-functional aggregates or are degraded by proteases to prevent aggregation. In recent years small molecules referred to as chemical or pharmacological chaperones have been employed to rescue proteins from such folding defects (reviewed in (15) ) utilizing diverse modes of action from a direct effect on protein conformations and folding pathways to a modulation of cellular protein quality control systems. Sing at al. (16) showed that osmolytes such as trimethylamine-N-oxide (TMAO), glycerol or dimethylsulfoxide (DMSO) increased enzyme activity of I278T and three other CBS mutants by facilitating the formation of active tetramers through stabilization of the folded protein. Their positive effect on mutant folding was not exclusive to their presence in the yeast growth medium, but they exert their effect also in a coupled in vitro transcription/translation system. Furthermore, recent work of Sing and Kruger (17) suggests that ethanol treatment of S. cerevisiae WY35, expressing the I278T human CBS mutant, induces HSP70 and leads to increased CBS activity and steady-state levels of the mutant. Taken together, mutant CBS is amenable and responsive to treatment with chemical chaperones in vivo and this may represent a new therapeutical approach especially for pyridoxine non-responsive CBSDH patients.
In this paper, we describe the expression of eight CBS mutants in E. coli in the presence of various chemical chaperones. The selected mutations span the entire CBS primary sequence. They include P49L and R125Q as the N-terminal heme pocket mutations, P78R, A114V and E176K as the dimer interface mutations and P422L, I435T and S466L as representatives of the C-terminal regulatory domain mutations. The most effective chemical chaperone and its concentration for a particular CBS mutant were chosen based on screening for catalytic activity and formation of tetramers in crude extracts of E. coli expressing the CBS mutant. All CBS mutants were subsequently expressed in E. coli grown in the presence of the selected chemical chaperone, purified to near homogeneity and characterized in terms of CBS specific activity, formation of tetramers, heme saturation, PLP saturation, AdoMet response, heat activation and thermal stability.
EXPERIMENTAL PROCEDURES
Chemical chaperones. Three compounds were tested as chemical chaperones: ethanol, DMSO (Sigma D8418) and TMAO (Sigma T0514).
TMAO was dissolved in ddH 2 O to a final concentration of 1 M and filter sterilized. The following concentrations were used: 1% and 3% (v/v) of ethanol; 1%, 3% and 6% (v/v) of DMSO; 1 mM, 10 mM and 100 mM TMAO. Mutant CBS construct preparation. The mutant CBS cDNA generated from patient samples was initially subcloned into the pKK388 vector and subsequently recloned into the pGEX-6P1 expression vector (18) . The desired CBS mutants, i.e. P49L (c.146C→T), P78R (c.233C→G), A114V (c.341C→T), R125Q (c.374G→A), E176K (c.526G→A), P422L (c.1265C→T), I435T (c.1304T→C) and S466L (c.1397C→T), were verified by DNA sequencing. The verified constructs were transformed into E. coli Rosetta2 (DE3) cells (Novagen) for CBS expression studies. Chemical chaperones screening. E. coli cells with the desired construct were grown (30°C, 275 rpm) in 30 mL of LB medium supplemented with 0.001% thiamine-HCl, 0.0025% pyridoxine-HCl, 0.3 mM δ-aminolevulinic acid, 100 µg/mL of ampicilin and one of the chemical chaperones at a selected final concentration. When the bacterial culture reached O.D. 600 ≈ 0.8 -1, CBS expression was induced with 0.5 mM IPTG and continued overnight. The next day, the cells were harvested by centrifugation (4°C, 7500 x g, 8 min) and the crude extracts were prepared according to the initial steps of our CBS purification procedure described elsewhere (18) . Protein concentrations were determined by the Lowry procedure using bovine serum albumin as a standard (19) . The total amount of CBS protein or the amount of tetramers was inspected by SDS-PAGE or native gel Western blots, respectively (see below). Mutant CBS protein expression and purification. After the initial chemical chaperone screening, the mutant CBS enzymes were expressed on a large scale (6 L of the medium) in the presence of the most effective concentration of the selected chemical chaperone and purified as described previously (18) . CBS activity assay. CBS catalytic activity in the classical reaction was determined by a previously described radioisotope assay using [ 14 C] L-serine as the labeled substrate (20) . A crude extract (12 µL) or purified enzyme (420 ng) was assayed in a 100 µL reaction for 30 min or 1 hour at 37°C. The reaction was performed in the presence or absence of AdoMet. The saturation of the purified enzyme with PLP was tested by running the activity assay in the presence or absence of 0.5 mM PLP. One unit of CBS specific activity is defined as the amount of CBS that catalyzes the formation of 1 µmol of cystathionine in 1 h at 37°C under standard assay conditions. Protein gel electrophoresis and Western blot. Denatured proteins were separated by SDS-PAGE (21) using a 9% separating gel with a 4% stacking gel. Native samples were separated in 4-12% polyacrylamide gradient precast gels (ReadyGels, Biorad). For visualization, the denatured gels were stained with Simple Blue (Invitrogen).
Western blot analysis of crude cell lysates under denaturing or native conditions was performed as described previously (22) . After electrophoresis, the separated proteins were transferred onto a PVDF membrane (Millipore) and probed with monoclonal anti-CBS antibody (Abnova), monoclonal anti-DnaK antibody, polyclonal anti-DnaJ antibody and monoclonal anti-GroEL antibody (Assay Designs/Stressgen), respectively. The Precision Plus Standard Dual Color (Biorad) was used as molecular weight marker for the SDS-PAGE gels. The quantitative analysis was performed using Quantity One software (Biorad). Enzyme activation by heating. Purified CBS was diluted to a final concentration of 0.1 mg/mL in TBS, pH 8.6, 100 µM PLP. The enzyme solutions (50 µL) were heated in 200-µL thin-walled PCR tubes in Eppendorf Mastercycler gradient PCR thermal cycler. The temperature was raised from 37°C to 53°C in 0.5°C increments with 1 min incubation at each temperature. After additional 1 min incubation at 53°C, samples were chilled on ice, and CBS activity was determined as described above. Spectroscopic characterization. UV-visible spectra were measured on an Agilent diode array model 8453 UV-visible spectrophotometer in 1x TRIS-Buffered Saline (TBS) pH 8.6 at 25°C. Thermostability determinations. Thermal stability of WT and mutant CBS purified proteins was compared by using the onset and melting temperatures of the proteins. The optical density at 320 nm, mainly caused by the light scattering of the thermally unfolded and aggregated protein, was monitored between 10°C and 90°C with 2.5°C increments and 3 minutes equilibrium time at each temperature. Measurements were made on an Agilent diode array model 8453 UV-visible spectrophotometer equipped with a Peltier temperature controller. Two mL of protein samples (0.2 mg/mL) were prepared by diluting the stock protein with the appropriate amount of buffer (20 mM HEPES pH 7.4, 1 mM TCEP, 0.01% Tween 20) and then placed in a quartz cuvette with a 1 cm path-length. A micro stir bar (100 rpm) was put into the cuvette to reduce the thermal gradient of the sample. The onset and melting temperatures were determined by the first derivative of the plots of O.D. 320 versus temperature. The second derivative UV spectra at each temperature were also used to compare the changes of tertiary structure of proteins as a function of temperature.
RESULTS

Screening of chemical chaperones in E. coli yields optimal conditions for mutant CBS expression.
The impact of the three chemical chaperones at various effective concentrations varied with CBS mutations, however, in general 1% and 3% (v/v) ethanol and 3% (v/v) DMSO showed the best results ( Table 1) . The presence of a chemical chaperone in the medium during expression in nearly all cases increased the mutant CBS activity in E. coli crude extracts compared to its basal activity. The least effective chemical chaperone in our hands was TMAO, which in some cases (WT, I435T and S466L) led to a decrease of CBS activity compared with an enzyme expressed in the absence of a chemical chaperone.
The presence of a chemical chaperone in the medium during expression did not significantly impact the total amount of CBS subunits based on denaturing gel Western blot analysis of the crude extracts (data not shown). There were, however, significant changes in the levels of active CBS tetramers as shown on native gel Western blots for three representative CBS mutants (Figure 2 ). The increased abundance of tetramers correlates well with the measured increase in CBS activity. These data suggest that the presence of chemical chaperones resulted in an improved folding and thus formation of active tetramers.
Purified CBS mutants retain an active conformation.
To determine whether the effect of a given chemical chaperone on mutant CBS is retained, we purified eight mutant CBS enzymes to near homogeneity by our two-step purification procedure. The chemical chaperones, selected on the basis of screening in E. coli crude extracts, were present only in the cultivation medium during cell growth and protein expression. The purification and characterization of each protein was carried out in the complete absence of any chemical chaperones.
The purified mutant enzymes migrated in a native gel as tetramers similar to WT suggesting that they retained their active conformations induced by the chaperones (Figure 3, bottom) . Even when the amounts of the mutants applied to the native gel were nearly equal, as shown on the SDS gel Western blot (Figure 3, top) , the intensity of the mutant tetramers varied. These differences may be attributed to the different sensitivity of the employed monoclonal anti-CBS antibody to the native conformations of each particular mutant. No higher oligomers or aggregates were detected on the native gel Western blot. The tetramers of the C-terminal mutants (i.e. P422L, I435T and S466L) migrated faster than WT or other mutant CBS enzymes as previously observed (8) .
Purified CBS mutants are at least as active as WT. The specific activity measurements of the purified mutants showed interesting results when compared to WT CBS. All the purified mutants had specific activities equal or higher than WT CBS in the presence of exogenous PLP and in the absence of AdoMet (Table 2) . On the other hand, several differences were detected in their PLP saturation as well as AdoMet response. The P49L, P78R and A114V mutants were indistinguishable from WT CBS in terms of specific activity, PLP saturation and AdoMet response. The significant impact of exogenous PLP on CBS specific activity was detected for the R125Q and E176K mutants, which also did not respond to AdoMet activation. The C-terminal mutants P422L, I435T and S466L also showed slight response to additional PLP. No response to AdoMet activation was observed for the P422L, I435T and S466L mutants, which also displayed significantly higher basal activities than WT CBS as we described before (7) (8) .
Heating or AdoMet addition results in CBS activation. The increase in activity observed in the presence of AdoMet can be mimicked by heating the enzyme to a temperature just below the melting point (55°C) of WT CBS (7, 23) . The response of WT and CBS mutants to AdoMet or to heating is shown in Figure 4 . The WT CBS responded to AdoMet stimulation or heating to 53°C with a 6-fold and a 4.5-fold increase in activity, respectively. The P49L, P78R and A114V mutants behaved similarly to WT. Both R125Q and E176K mutants did not respond to AdoMet stimulation and decreased in activity after heating at 53°C to 31% for R125Q or 40% for E176K of mutant basal activity. The I435T and S466L mutants did not respond significantly to AdoMet stimulation or to the heating. On the other hand, another C-terminal mutant P422L slightly responded to AdoMet stimulation (1.7-fold), but significant increase in activity was observed after its heating to 53°C compared to basal activity (3.6-fold).
Purified mutant CBS enzymes are fully saturated with heme. All purified CBS enzymes showed normal heme saturation ( Figure 5 ). The lowest A 430/280 ratio was detected for P49L (0.92). The highest heme content was detected for the P422L mutant with a value of 1.2. All other mutants were comparable to WT CBS in heme saturation with values around 1.05.
CBS mutants are at least as thermostable as WT. We subjected the purified CBS mutants to thermal denaturation in order to investigate their thermal stability and changes in the tertiary structure as a function of temperature. The second derivative UV spectra for the mutant proteins at each temperature did not show any significant differences compared to that for the WT protein, suggesting that the CBS mutants expressed in the presence of chemical chaperone are folded into a similar conformation as WT CBS (data not shown). Furthermore, the same analysis revealed that the purified CBS mutants are equally or more thermostable than WT ( Figure 6 ). The lowest temperature, at which aggregates started to form, was 49°C for WT and four of the mutants: E176K and all the C-terminal mutants P422L, I435T and S466L. For the rest of the CBS mutants, the initial temperature of protein aggregation was 51°C for P49L or 56°C for P78R, A114V and R125Q.
Chemical chaperones may act indirectly via activation of molecular chaperones. In order to investigate whether the mode of action of the chemical chaperones is direct by assisting the mutant protein to fold or rather indirect by inducing molecular chaperones, we probed the crude extracts with antibodies against three different molecular chaperones DnaK, GroEL and DnaJ (Figure 7) . No significant changes in protein levels of DnaK or GroEL were detected in the presence of chemical chaperones. In contrast, a significant increase of the DnaJ levels was observed for all the tested chemical chaperones. The increase in DnaJ amount in the presence of a chemical chaperone compared to its absence varied from 4.9-fold in the presence of 1 mM TMAO up to 19.1-fold or 18.4-fold in the presence of 3% ethanol or 6% DMSO, respectively. Our data suggest that chemical chaperones may act indirectly by inducing a specific class of molecular chaperones (particularly DnaJ), which in turn facilitate improved folding of mutant CBS.
DISCUSSION
In order to function properly, a newly synthesized polypeptide for an enzyme must fold into its specific native conformation. All the necessary information for correct folding is encoded in the primary amino acid sequence. However, this process is accelerated and assisted in vivo by molecular chaperones (24) (25) . Molecular chaperones also prevent the unfolded or partially folded protein assembling into nonfunctional structures by initiation of protein refolding or targeting them for degradation (26) . Despite tight quality control, misfolding and subsequent protein aggregation and/or degradation occurs as a response to various stresses such as aging, temperature fluctuation or genetic defect and represents the major cause of a diverse group of diseases termed as protein misfolding or protein conformational diseases (25, 27) . In many cases (e.g. Gaucher disease and other lysosomal storage disorders) mutant enzyme misfolding results in degradation of the aberrant protein, the loss of enzymatic function and subsequent accumulation of the corresponding enzyme substrate (e.g. glucocerebroside in Gaucher disease). On the other hand, for Alzheimer's disease, Parkinson's disease, type II diabetes mellitus and amyloid diseases impaired protein folding results in the toxic intra-or extra-cellular accumulation of misfolded, aggregated proteins in the form of amyloid plaques.
Janosik and coworkers (12) first showed that CBS deficiency may be considered a protein misfolding disease. They tested CBS from a number of patient fibroblast lines by electrophoresis in native PAGE followed by Western blot analysis. The CBS mutants did not form active tetramers and accumulated as inactive aggregates. Moreover, these misfolded CBS aggregates were devoid of heme, which resulted in the hypothesis that heme may be necessary for correct folding and active tetramer formation of CBS. Our recent work suggested that despite the heme being crucial for proper CBS folding and assembly, it is not essential for expression of active CBS and can be substituted with other metalloporphyrins or even completely replaced by including a chemical chaperone such as TMAO in the growth medium of a heme-deficient S. cerevisiae (28) (17) suggests that a chemical chaperone such as 4% ethanol is able to dramatically restore the I278T CBS mutant stability and enzymatic function in S. cerevisiae by manipulation of the cellular levels of molecular chaperones. Ethanol treatment induced the expression of HSP70 and increased activity and steady-state levels of the I278T mutant. On the other hand, overexpression of HSP26 resulted in rapid degradation of I278T protein. Therefore, the HSP70:HSP26 ratio in S. cerevisiae seems to be crucial in determination whether misfolded CBS proteins will undergo refolding or will be targeted for degradation via the ubiquitin/proteasomedependent mechanism. Taken together, these data suggest that treatment with chemical chaperones or manipulation of the levels of molecular chaperones increases or completely restores the function of some mutant CBS enzymes in E. coli, S. cerevisiae and a mouse transgenic for I278T (29) .
In this study, we present the purification of eight CBS mutants from E. coli expressed in the presence of chemical chaperones. Initial screening of various chemical chaperones at several concentrations showed that many CBS mutants responded well to the chaperone treatment by increased formation of tetramers and a corresponding increase in enzymatic activity. These promising results from E. coli crude extracts encouraged us to attempt to purify the mutants to homogeneity. Several previous attempts to purify CBS mutants resulted in low yields or failed completely due to the unstable mutant conformations, their extreme tendency to aggregation and heme loss (12, (30) (31) . The presence of chemical chaperones during CBS expression helped to overcome these problems resulting in homogenous mutant CBS enzymes as active as WT. All the purified CBS mutants formed predominantly tetramers with virtually no aggregation or formation of lower or higher order multimers detected. The C-terminal CBS mutants (i.e. P422L, I435T and S466L) showed a relatively subtle, but distinct shift in their migration in native PAGE compared to WT or other CBS mutants. This faster migration of C-terminal mutants agreed with previous observations and is most likely indicative of conformational changes associated with mutations in the C-terminal domain (7) (8) .
All CBS mutants were fully saturated with heme as also noted for WT CBS. Our previous results indicated that heme does not function in redox sensing, ligand binding or catalysis, but rather supported the structural role of heme in proper folding and/or subunit assembly (22, 28, (32) (33) (34) (35) . With respect to this hypothesis and the presented data, heme saturation could serve as a marker for properly folded CBS and could be indicative of the activity of purified CBS.
Although, all the mutants were at least as active as the WT enzymes, they varied in their response to the presence of exogenous PLP as well as to AdoMet stimulation. The properties of the purified C-terminal mutants I435T and S466L were in good agreement with the previous results (7, 23, 36) . Their basal activity compared to WT was increased and they did not respond to AdoMet stimulation. This behavior has been explained previously by a mutation-induced conformational change, which results in increased basal activity of C-terminal mutants compared to WT and at the same time lack of response to AdoMet stimulation. Our previous data on the S466L CBS enzyme showed a systematic decrease in activity with increasing temperature (7). As we detected a small increase in activity for the heated enzyme compared to its basal activity rather than decrease, we suppose that the chemical chaperones stabilized the mutant conformation and thus prevented its rapid denaturation during gradual heating.
Two mutants in the catalytic core, R125Q and E176K, were distinctly different from the WT. Both purified mutants were as active as WT CBS, but they did not respond to AdoMet stimulation and were only partially saturated with PLP. This decreased PLP content may be due to a lower affinity of the mutants for the coenzyme. Considering the lack of AdoMet response of these two mutants, we can speculate that a mutation in the catalytic region such as R125Q or E176K causes an undesirable interaction with the Cterminal region resulting in an inability of AdoMet to further stimulate CBS activity.
Previous observations that specific C-terminal mutations, AdoMet, limited proteolysis or heating all induce a very similar level of WT CBS activation suggested that these different forms of activation share a common mechanism (7, 23, (37) (38) . We showed that the P49L, P78R and A114V mutants behave similarly as WT in terms of their basal activity, AdoMet response and thermal activation. In contrast, heating of R125Q and E176K mutants did not result in their activation and thus further supports our hypothesis about their specific conformation. In the absence of AdoMet they are as active as WT but unable to change their conformation in response to AdoMet stimulation or heating to 53°C. The observed decrease in specific activity of R125Q and E176K after heating to 53°C may be accounted by an irreversible loss of PLP given their decreased ability to bind the cofactor (Tab. 2).
Finally, very interesting results were observed for another C-terminal CBS mutant, P422L. We showed that the P422L expressed slightly higher basal activity than WT and partially responded to AdoMet stimulation suggesting that it is not a typical representative of the C-terminal mutants. The heating study separated P422L from the other C-terminal CBS mutants even more, when the enzyme increased its activity 3.6-fold compared to untreated enzyme. This result may indicate that activation of CBS by heating or AdoMet binding is likely acting through different mechanisms even though they share a similar consequence, i.e. conformational change. Furthermore, improved folding of CBS mutants induced by the presence of a chemical chaperone surprisingly yielded enzymes with equal or higher thermostability than WT CBS. Similar improvement in thermal stability was found for human phenylalanine hydroxylase mutants expressed in the presence of 1% glycerol or 5 mM TMAO (39) .
Whether chemical chaperones induce proper folding of mutant enzymes directly by stabilizing their conformation in vivo or indirectly by increasing levels of molecular chaperones, is still unclear. Singh et al. (16) suggested that chemical chaperones such as osmolyte glycerol could act directly, because its presence in both the expression medium and the in vitro transcription/translation system resulted in increase of the I278T mutant activity. However, no stimulation was observed when chaperones were added directly to the purified I278T mutant indicating that species amenable for correction via the chemical chaperone are only the newly synthesized polypeptide chains (16, 39) . Furthermore, Singh et al. (17) have recently reported that another chemical chaperone, ethanol, increased activity and steady-state levels of the I278T mutant in S. cerevisiae by induction of a molecular chaperone, particularly HSP70, which promotes proper folding of I278T polypeptides. In our study, the steady-state levels of DnaK, a microbial analog of HSP70, were found to be comparable in the presence of chemical chaperone or in its absence. However, steady-state levels of another molecular chaperone DnaJ, a microbial analog of HSP40 and co-chaperonine of DnaK, were found significantly elevated in the presence of all the tested chemical chaperones. The expression levels of another molecular chaperone GroEL, a microbial analog of HSP60, were not significantly affected in the presence of chemical chaperone, which agrees with the results of chemical chaperones screening of human phenylalanine hydroxylase mutants (39) . Our data indicate that proper folding of CBS mutants expressed in the presence of chemical chaperones could be facilitated by induction of molecular chaperones, particularly DnaJ. DnaJ is necessary for DnaK function: DnaJ stimulates the ATP turnover rate of DnaK and facilitates the interaction of DnaK with polypeptide substrates (40) . Therefore, we suggest that increased levels of DnaJ induced by chemical chaperones resulted in higher activity and affinity of DnaK for the polypeptide substrate, which subsequently facilitated proper folding of CBS mutants.
Our findings suggest that the expression of several CBS mutants in the presence of various chemical chaperones resulted in their proper folding and full restoration of catalytic activity. These acquired characteristics seem to become permanent properties of the purified mutant CBS proteins. Moreover, the chemical chaperoneinduced CBS mutant folding resulted in a conformation thermodynamically as or more stable than WT CBS. Chemical chaperones have been shown to be preferentially excluded from the surface of proteins an effect that causes the compact native conformation to be favored over unfolded states (15) . However, this is not the only mode of action of such compounds in cells. These small chemical substances also induced the expression of molecular chaperones, mainly DnaJ, which likely resulted in improved interaction of DnaK with the newly synthesized polypeptide thus generating properly folded proteins. This study provides a proof of principle, i.e. that these mutant enzymes appear to be misfolded in vivo and that they can be properly folded in the presence of chemical chaperones. Obviously, compounds such as ethanol or DMSO will not be used in patients.
A high-throughput screen of available approved substances may yield compounds capable of similar restoration of CBS folding and activity as the chemicals used in this study. Such compounds would be a very attractive alternative for treating patients with CBS deficiency caused by a missense mutation. Even a small rescue of enzyme activity could have substantial impact on the clinical picture or the course of this disease. 
